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study of stationary slugs was conducted in a 1.90 cm plexiglas pipe 
which could be sloped downward to IV from the horizontal. The stationary slug 
is modeled using hydraulic jump theory for the steep front, and i n inviscid 
approach is used to study the sloping tail.
There are two necessary conditions for a standing slug to exist in a pipe. A 
critical Froude number must be reached for the jump to bridge the pipe, and the 
height of the tail must be 0.3629 of the pipe diameter. The steady state tail height 
found, however, was only 0.40 of the pipe diameter.
Aeration of the jump occurs solely at the interface of the jump and the 
fast-moving liquid. Air is pulled into the jump by the approaching flow and 
remains in a complicated circulating region until it is passed downstream.
The slug length was found to be a strong function of the pressure increase 
across it and the velocity of the approaching water flow. Trends in pressure 
measurements matched those predicted by theory; however, close agreement was 
not found across the hydraulic jump.
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II. INTRODUCTION
There has been considerable interest in the past 30 years in the study of 
horizontal gas-liquid flows Current applications include oil and gas transport, 
chemical reactors, boilers and condensers, and other process equipment. The 
different flow regimes commonly encountered are stratified, wavy, annular, 
bubble, slug, and dispersed as shown in Figure 1.1. Because of the extreme 
difficulty in predicting the location of the gas-liquid interface at given 
conditions, design methods for processes with gas-liquid flows are not well 
established. Successful design methods therefore require each of these flow 
regimes to be modeled separately. Figure 1.2 shows the Mandhane plot, a 
common empirical flow map used in flow regime prediction.
A transition from a stratified to a slug flow in horizontal concurrent 
gas-liquid flow occur® When a disturbance at the gas-liquid interface grows 
rapidly to block if/e entire cross section of the pipe and is propelled downstream 
as a slug at roughly the gas velocity. The occurrence of slugs is of concern to the 
process industry since they cause oscillations in flow rate and pressure which 
can severely damage process equipment. Extremely large slug catchers are 
necessary at the end of offshore gas pipelines to dissipate slugs formed in 
transport. It is therefore necessary to study and understand the conditions of 
slug formation and existence in order to reduce the high pro-ess < ov associated 
with slugging.
A. A. Kalinske and James M. Robertson < 1943) studied air entrainm ent by 
flowing water in sloping pipes as a method of air removal from water supply 
lines. They found that the air pumped into the hydraulic jump formed a large 
pocket of air beyond the jump that often extended to the end of the pipe 
(Figure 1.3). Even though thus plug of water remains stationary in the pipe, it
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Figure 1.2 Mandhane Flow Map. Taken from Int. 1 Multiphase Flew (1970
4Figure 1.3 The Standing Slug Found by Kaiinskc and 
Robertson (1943)
3appears to be very similar in contour to the fast-moving slug.
The purpose of this work was to study the “standing" or “stationary" slug 
found by Kalinske and Robertson to determine its applicability in modeling the 
fast-moving slug. This project focused on understanding the conditions 
necessary for the standing slug to exist. In an attempt to simplify this 
phenomenon, the standing slug was separated into two distinct parts -- a steep 
front and a sloping tail. Each was studied independently, and then the two parts 
were combined for an overall model of the standing slug.
The steep front of the jump was modeled using hydraulic jump theory. The 
front of the standing slug is essentially the same as the fast-moving slug if 
different reference frames are chosen for each. While the fast-moving slug 
becomes aerated as it moves over the slower fluid in front of it, the standing slug 
remains stationary and the approaching water moving underneath of it causes 
aeration. Aeration by the jump was studied in a 1.903 cm I.D. plexiglas pipe at 
pipe slopes to 3* from the horizontal and at approaching liquid heights up to 
one-half of the pipe diameter. Results were compared to empirical relations 
developed by Kalinske and Robertson for a 1324 cm I.D. pipe at similar flow 
conditions. Aeration mechanisms at these conditions were studied by visual 
observation.
Benjamin (i971) predicted the height of a sloping tail for liquid emptying 
out of a horizontal pipe; however, no information about the shape of the tail is 
given by this derivation. Wave profiles which are similar in shape to the 
downstream part of the slug's sloping tail were determined by Miya (1971) in his 
model of roll waves. These two theories were coordinated and compared in an 
attempt to understand the contour of the slug's tail.
Pressure measurements were taken along the jump and compared to those 
determined theoretically for the system from mass, momentum, and energy
6balances. Different water velocities and heights approaching the jump were 
studied using a sliding gate and water rotameters. The slug length was correlated 
to the pressure difference along the slug to show how it can be predicted from 
pressure measurements on the slug.
7II. BACKGROUND AND THEORY
A. The Hydraulic Jump
The determination of the tail-water depth of the hydraulic jump has 
received considerable attention in the field of hydrodynamics. Because the 
hydraulic jump is highly turbulent and energy losses are large, the momentum 
balance provides the only route to a direct solution. A typical form of the 
hydraulic jump in sloping channels is shown in Figure 2.1. The momentum 
equation for a rectangular channel of unit width was determined by Chow (1959) 
to be
W f e V P l V / g - P i ^ - W s i n a - F f  ( 1)
where 0 -  Vjdj, V2 - Vjdj/d2. Pj * l/2udj^costt, P2» l/Sudj^cosa.uistheunit
weight of water, W is the weight of water enclosed between the sections, f) is the
Boussinesa coefficient (approiimatelv I), and Ff is the total external resistance
between water and the channel, which will be neglected in this analysis. This 
equation can be reduced to the form
d2/dj ■ 1/21(1 * 8G2)i /2 - 1 ( 2 )
where G * G(Fxt) and F * V j/(gd j),/2 . For horizontal channels, (2) reduces to
d2/di - 1/21(1 * 8F2),/2 -11. (3)
8Figure 2 1 The Hydraulic Jump in A Sloping Channel.
9The depth ratio, dj/dj, as a function of F and SQ, the channel slope, is shown in 
Figure 2.2
The nature of the hydraulic jump formed depends strongly on the Froude 
number, F, of the approaching flow The five main types of jumps are illustrated 
in Figure 2.3. The following is a brief description as given by Whitaker (1968) of
each type of jump, where Npr  -F^.
1. Npr ■ 1 to 3. Undular Jump
Steady waves are formed and the surface is smooth.
2. Npr = 3 to6 Weak Jump
Rollers develop on the surface of the jump, but the downstream 
surface remains smooth.
3. Npr «6to21. Oscillating Jump
The high-speed flow entering the jump forms an unstable jet 
producing large waves of irregular period.
4. Npr  - 21 to SO. Steady Jump
The action of the jump is well-balanced and the action and 
position are least sensitive to the downstream depth. The 
energy dissipation ranges from 43 to 70 per cent.
3. Npr >80. Strong Jump
The jump action is rough, and energy dissipation may be as high 
as 83 per cont.
Hydraulic jump theory in sloping conduits is not as well developed as for 
channel flow. Because the surface width changes with the height of flow, 
analysis for a pipe is more difficult than for a channel. The hydraulic jump in
10
Figure 2.2 The Tail-Water Depth for a Hydraulic Jump in a Sloping Channel 
Taken from Chow (19)9)
11
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Figure* 2.3 The Tv pes of Hydraulic Jumps [alien jrom Whitaker ( 1\6S)
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sloping pipes is shown in Figure 2.4, and the cross section of the liquid is 
assumed to have the idealized form illustrated in Figure 2.5.
The flow is assumed to be reversible at 3, a point downstream from the 
circulating region of the jump. Plug flow is assumed approaching the jump at 1 
such that a momentum balance between these twe points simplifies to
Pu3 ^ 3 '  ( " l ^ l  *^ 1^1 - P3A3 ♦ pghpCjA|Cosa
- pghpjjAjCosa* pgAjLjsin* . (4)
Assuming a sudden expansion at the jump such that PjA| - P3A3 - (Pj - PjjAj, 
equation (4) simplifies to
(P j-P j) /p  - uj^ - u^CAj /Aj ) - ghpCj(Aj/Aj)costt
♦ ghpjjcosa-gL jsinct. . (3)
It should be noted that the pressure centers of flow, h pci and hpCj, are the
average pressures of the cross-sectional flow and not the centroids. The 
pressure center is always below the centroid of any plane submerged surface 
that is not horizontal.
For the case where the tail-water depth exactly equals the diameter of the 
pipe, the dynamic pressure change between 1 and 3 is zero, and (5) reduces to
Uj ^Aj - Uj^Aj - ghpC|A)Cosa« g(D/2)cosa- g L ^ s i n t f O (6)
13
1
F ig u r e  2.4 T h e  H y d ra u lic  J u m p  in  a  S lo p in g  P ip e .
MD = 2R 8 = acos ( 2h/D - 1) w =
A = (a -  8 + 1/2 sin (2 8 ))R
ye = A/w
hpC = Rcos8 +
2/3R 3sin3 8
2Rsin 8
F ig u re  2.5 P a r a m e te r s  D e s c r ib in g  F low  in  a  P ip e
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By applying a mass balance and rearranging, (6) can be written to solve for the 
minimum velocity required for a hydraulic jump to bridge the pipe at any hj/D.
UI
2
gcosoIhpC]Aj - DAj/2) ♦ gLjAjSin a
Aj IAj /Aj - 11
(7)
This equation can be nondimensionalized in terms of Froude numbers to show 
the energy of the approaching flow required for a hydraulic jump to bridge the
pipe at any h ]/D and pipe slope.
wlDAj/2- hpC(A ]lcosa-w LjA jSina 
A |2U - A |/A 3)
( 8)
where F * u j/(gy e)l/2 and ye, the effective depth, is the water area, A3, divided 
by the surface width,w,
or
IA j/2 - hpclA i/D lcostt-A j(Lj/D )sina
A,[l - Aj /A3)
(9)
where Fj - u j /(gD)1 /2. Equation (9) is more applicable for design considerations; 
however, equation (8) is used more eztensively because the violence or intensity
16
of the jump should depend more on ye than on the diameter of the pipe.
The minimum values of the Froude number for which a hydraulic jump can 
bridge the diameter of a horizontal pipe for several h j/D values are shown in
Table 1 . From this table it can be seen that the critical Froude number is always 
greater than one. Therefore, a hydraulic jump can eiist in a nine as long as F > 1 : 
hagejMfx the iumo cannot span the cross section of the oioe unless the minimum 
Froude number is reached.
17
TABLE I- Minimum froude Number for a Hydraulic Jump to Span Horizontal Pipe.
kpcl&L
0.06 0.0241
0.10 0.0404
0.20 0.0816
0.30 0.1237
0.40 0.1672
0.50 0.2122
0.60 0.2593
0.70 0.3093
0,80 0.3633
0.90 0,4242
- A -
4.766 2 138
3489 1.782
2.313 1.414
1.841 1.255
1.581 1.169
1.415 1.120
1.302 1.096
1.221 1.093
1.164 1.114
1.187 1.125
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B. The Sloping Tail
When a hydraulic jump eiists in a closed channel or conduit, a sloping tail 
sometimes occurs downstream from it.’ A typical sloping tail is shown in Figure 
2.6. Viscosity and surface tension effects are ignored, and uniform velocity 
profiles are assumed at points 3, 4, and 3- Assuming an unaerated slug, a 
momentum balance between points 3 and 5 gives
pu52A5 - puj2A3 « P3A3 - P5A3 ♦ P g h p j^ c o s a -  pghpc5A5COStt
Point 4 is assumed to be a stagnation point; therefore, the dynamic 
pressures at 4 and 3 are equal, and the velocity at 4 is zero. Because uniform 
velocity profiles were assumed, Bernoulli's theorem can be applied to the free 
surface between 3 and 3 to determine the conditions at 3 ; however, no 
information about the shape of the tail downstream from 4 is available from this 
analysis. Assuming negligible frictional losses, the Bernoulli equations can be 
written as
*pgA3L2sin tt (10)
If P3A3 - P5A5 * (P3 - P5M3 is again assumed, then (10) simplifies to
♦ g h p ^ A j/^ J c o s t t  - gl^sina, (11)
(P3 - P<j)/p « -gl^sinct- u3 2/2 ( 12)
and U52 « 2gcos«lh4 - hj) (13)
19
3
F ig u re  2.6 T h e  S lo p in g  T a il in  a n  I n c l in e d  P ip e .
20
The pressure drop between 3 and 4 can be eliminated by equating (ID  and (12) 
to give
Uj ^ / A j - Uj 2/2 ♦ gcosoJhp^A j/A j - hpcji * 0 (H)
By applying the continuity equation between 3 and 3 and solving for the tail 
velocity, it follows that
u5
gcosdhppjA j/A j - h p ^ l
(1- A5/2A3)
(15)
Because the only unknowns for the steady tail are the velocity, u«, and the
height, tw/D, (13) and (15) can be solved simultaneously for any flow to 
determine the possible solutions.
For a horizontal rectangular channel of height D, these two equations can 
be simplified to give
U52 ■ 2gD(l - hj/D) (16)
u5
2
gD iD /hj-h5/D]
12 - h5/D]
and
h5 • D/2 (18)
I t  follows th a t  h ^  • D, and
Thus, for th e only non-trivial case, the downstream height of the fluid is exactly
IreeJiQflLfeaeigy
dissipation
Using this result in equation (13), it follows that
F*u5/(gh5)l/2 « 72 ■ 1.4H. (19)
The receding stream therefore is supercritical and downstream hydraulic jumps 
are possible It should be noted that if frictional losses exist, the downstream 
fluid height will be greater than one-half of the channel height.
For a closed conduit of diameter D, equations (13) and (15) simplify to
U52 * 2gDll - l^/D lcosa ( 20)
and
gD IA ^A j - hp^/D Icosa 
u<j2 « ....................... ------- --------
II - A5/2A3I
(21)
where A5 is determined from Figure 2.4 In solving for h^, it is easily seen that
the effect of the pipe slope, a, is the same for both (20) and (21). The angle of 
inclination of the pipe therefore has no effect on the receding stream height. A
numerical solution is required to determine h j, and the values found to satisfy 
both equations are tu  « D. and
22
Thus, for the only non-trivial case in conduit flov. the downstream height 
of the fluid is exactly 0,5629 of the pipe diameter if the flow is to be steady and 
tee from energy dissipation
This result is the same as that derived by Benjamin (1971) for liquid 
emptying from a horizontal tube. If frictional losses are present, then
h5 > 0 5629 D
The Froude number of the receding stream is defined by
(23)
F ’ U5/(gye)'/2 (24)
From equation (20),
b 1.326 ft/s (25)
such that
F - 1.379. (26)
The receding stream is supercritical, and dovnstream hydraulic jumps in the 
pipe are possible. This phenomena will be discussed in more detail later.
23
C. The Standing Slug
The standing slug is a hydraulic jump followed by a sloping tail and is 
illustrated in Figure 2.7. Whereas slug flow is generally depicted in a coordinate 
system moving at the slug velocity, no reference frame is needed for the 
standing slug. The velocities at points 1 ,3,4, and J  are assn-.ed to be uniform. 
Points 2 and 4 are stagnation points, and the region between 2 and 3 is a 
complicated circulating region.
1. Two Necessary Conditions
For an unaerated standing slug to exist in a pipe, both of the conditions 
previously defined must be met. These conditions are summarized below.
1. There is a minimum value of the Froude number for any pipe 
slope and liquid height for a hydraulic jump to bridge the 
pipe diameter.
2. The height of the receding stream is exactly 0.3629 the pipe 
diameter regardless of pipe slope if the resistance between the 
water and the pipe is neglected.
2. Slug Length
Because point 4 in Figure 2.7 is a stagnation point, the dynamic pressures at 
4 and 3 are equal, and the velocity at 4 is zero. The pressure drop from 3 to 4 is
given by ( 12), and upon rearranging for L£ it follows that
■vp3 u32
L 2 .......... ..................... for <t*0‘
pgsin a 2gsin a.
(27)
1t\»
Figure 2.? The Standing Slug in  a  Sloping Pipe
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The distance between 2 and 3. Lj, is determined from a momentum balance 
between 1 and 3 given by equation (5) such that
Pa-Pj n-r Uj2A| Ajcostt coset
Lj .................  * ..................................  h p d .............  ♦ hpc3........  (28)
pgsin a gsin a Ajgsin a Ajsin a sin a
The overall slug length is the sum of these two results. Applying a mass balance 
between point 1 and 3 and addin g (27) and (28). it follows that
1
L ,* L 2 ............. 1(P5 - P j) ♦ pu ^(l/2  - Aj /A j )1
gsin a
* cotalD/2 * hpCjA j/A jl (29)
Therefore, the slug length, SL, is given by
1
SL ............. (AP«pu32( l / 2 - l / i f l i  *
« sin tt Dcotct|l/2- jtAc t ] for tt*0* (30)
where
A m Aj /Aj (31)
&c “ (32)
26
From (30) it can therefore be seen that the length of an unaerated standing 
slug is a function of the approaching water flow and pressure increase across it 
for a particular h/D and pipe slope. It should also be noted that a standing slug 
cannot exist in horizontal pipes because the slug length becomes infinite. This 
result agrees with the experimental work of Kalinske and Robertson (1943) 
They found that a single long pocket of air downstream from the jump did not 
exist at nearly horizontal slopes, but ra ther a series of relatively large bubbles 
which moved downstream.
27
I I I .  EXPERIMENTAL APPARATUS AND PROCEDURE.
A. Flow System
A 1.90 cm transparent plexiglas pipe was used to study standing slugs The 
pipe line was 2.85 m long and could be sloped to IV from the horizontal. The 
entire closed system is shown in Figure 31 Water was pumped from storage 
tanks to avoid large amounts of air encountered using the city water supply
Water was discharged into the pipe line with a maximum capacity of 58 
gpm due to pumping limitations. Three different sizes of rotameters placed in 
parallel and a sliding gate placed 13 m from the pipe entrance allowed both the 
water velocity and height into the test section to be varied independently. The 
gate could be moved from completely open to completely closed; however, the 
height of water past the gate, h, needed to be greater than 0.16 of the pipe 
diameter in order to eliminate inlet disturbances.
Downstream from the sliding gate was a 1,55m test section for 
measurements on the standing slug. The test section was open to the atmosphere, 
but both the upstream and downstream sections could be pressurized using air. 
The downstream pressure was controlled using a tube partially submerged in 
water which will be described in more detail later Pressures along the test 
section were measured by pressure taps which were connected to a differential 
manometer. The pressure difference between two points on the standing slug is 
given by
^ " ^ m a n -A P h e a d (33)
APman *(Pw~ P o il^ m (34)
^ h e a d ' M l D -  h - Ltana.1 (35)
----
S lid in g  
Gate „
Vater
Rotam eters
t £*> U - *  |  O: \-i pn .»o «d r  wCa. a ly  u  |
7 D \
T ~ ^
Water Pumps
To D i f f e r e n t i a l  >’ar.erne te r
Air P r e s s u r e  
; 1 Oerrtooi
1
S t c r , ! j j
i-; ; D a n k t  w  ~ ____ H ---------------------------------!■< " T
i _  _J *  i i  ».no
Figure 5 1 Experimental Apparatus
m
j
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where Rm is the differential manometer reading as shown in Figure 3 2
Six 4.42 cm stainless steel probes of 0.089 cm diameter were places 2.34 cm 
apart in the top of the pipe starting 34 cm from the gate. These probes were 
moved down into the pipe until they touched the surface of the water. The 
diameter of the holes drilled in the pipe were only 0.003 cm larger than the 
diameter of the probe; therefore, use of stopcock grease on the probes allowed 
free movement without disturbing the downstream pressure. Visual observation 
was not an accurate method of height measurement due to the index of refraction 
of the plexiglas pipe.
B. Pressure Measurements
Kalinske and Robertson controlled the pressure in their pipe line by using 
a hydrostatic head. The water level in the holding tank was above the pipe outlet 
and wtis held constant by use of a gate. Using this method proved to be difficult 
because only very small hydrostatic heads were required for hydraulic jump 
formation in the test section, and head level control was quite tedious without a 
precision outlet valve.
Because air pressure can be more easily controlled than a hydrostatic head, 
the downstream pressure was controlled and measured using a tube submerged 
in water as shown in Figure 3 3. The a ir was supplied to the holding tank 
through an a ir rotameter with a maximum capacity of 0.3 scfm Pressure settings 
were determined by moving the air tube up or down such that excess a ir in the 
holding tank bubbled out of the tube bottom. The downstream air pressure (the
same pressure as in the downstream part of the pipe), Py was dt termined by an
open-end manometer. Water flowed out of the holding tank through a fully open 
gate valve to the storage tank. When the air pressure became greater than the
30
e - D - h - L tan <x
aP - aP - aP,man head
AP - gRm[ Pv " Poll I vhereRm isthe
man 111 m anom eter reading
AP, f thead "  1 '2  MPi -pvglU h-LtanoJ
Figure 3.2 P ressure D ifference by D ifferential M anometer
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Figure 3 3 A pparatus fo r D ovnstream  P ressure M easurem ent 
and Control.
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hydrostatic head of the storafe tank, it became necessary to elevate the storage 
tank so that the water level remained higher than the entrance to the open-end 
manometer.
Steady hydraulic jump formation by Kalinske and Robertson's method also 
required much more time for the system to reach steady state than by this 
method. Even though a steady jump formed immediately for a constant 
hydrostatic head, the long pocket of air downstream from the jump was created 
only after significant air entrainm ent by the jump. Using th< se same flow 
conditions and applying a downstream air pressure, however, will seldom rem it 
in jump formation. Therefore, the jump was artificially created. A plug which 
filled the pipe diameter was introduced by a surge of water. The jump then 
moved along the pipe until it reached steady state, when the downstream 
pressure force balanced the gravitational and inertial forces. A long pocket of 
air downstream from the jump sometimes occurred depending upon the flow 
conditions. The conditions which were impossible for jump existence were 
quickly identifiable, and the necessary corrections could easily be made. While 
these two methods of hydraulic jump (and Standing slug) formation were quite 
different, each created a steady state jump with exactly the same body forces 
acting upon it.
C. Aeration Measurements
The steady state jump was positioned 31 cm downstream from the gate by 
adjusting the water flow rate and the downstream pressure. Because the pipe was 
open to the atmosphere just downstream from the gate, the jump pumped air 
from an infinite supply and remained stationary. The jump then remained in 
this steady position if air was metered into the jump at the same rate that it was 
entrained.
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The velocity of the enter past the gate ranged from 2.0 to 15.8 ft/s at inlet 
h/D values of 0.16,0233,0.367, and 0.50. Air arcs metered through a needle valve 
and a rotameter into the pipe, and the rate in s varied until the jump remained in 
a steady position in the pipe. Aeration measurements, however, were limited 
from 2 to 2250 ml/min of air by the system. By metering air in this manner, air 
entrainment rates were determined at pipe slopes of 0*, 1 \  and 3* from the 
horizontal.
IV. RESULTS AND DISCUSSION
A. The Hydraulic Jump
1. Contour
Four factors influence the positioning of a hydraulic jump in a pipe: 
dovnstream pressure, pipe inclination, gate height, and vater flow rate. Only 
the vater flov rate and the dovnstream pressure vere changed for each 
experiment.
The shapes of the hydraulic jumps observed vere similar to that illustrated 
in Figure 2.4. For a horizontal pipe only, a small jump vhich  did not completely 
fill the pipe sometimes formed. This jump eventually bridged the pipe, but only 
after frictional losses caused the tail-vater height to grov to the pipe diameter. 
This condition vas relatively unimportant for this vorlc and vas not studied 
further.
For the cases vhere  the jump did bridge the pipe diameter, a "weak" and 
unaerated jump formed at lov approach velocities. An example (h/D = 0.233) is 
shovn in Figure 4.1. As the approaching vater velocity (and therefore the 
Froude number) increased, the jump became more upright From Figure 2.3 it is 
seen that the top photograph corresponds to a steady jump vhereas the bottom 
photograph corresponds to a strong jump. The shape of the jump, therefore, 
appears to be controlled by the Froude number of the approaching vater flov. 
Another example (h /D »0.367) is given in Figure 4.2.
2. Aeration
From Figures 4.1 and 4.2 it can also be seen that the jump's aeration rate 
also increased v ith  increasing Froude number. It appears that aeration by the
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Direction of flow ------ ►
F - 9.56
Figure 4.1 Hydraulic Jump in  Horizontal Pipe 
a t h /D -  0.233.
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Figure 4.2 Hydraulic Jump in Horizontal Pipe 
at h/D  = 0.367.
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jump is a function of the inlet Froude number and therefore the energy 
dissipation of the jump. A series of photographs (h/D « 0.367) shoving changes 
in jump shape and aeration rate with increasing Froude number is given in 
Appendix A.
The only method available for studying the aeration mechanism vas visual 
observation. A typical aerated jump is shovn in Figure 4.3. Since fev  of the 
entrained air bubbles move downstream, it is easily seen that a circulating air 
region exists.
3. Aeration Mechanism
The aeration mechanism vas studied by observing individual air bubbles at 
very lov aeration rates ("1-3 ml/min) and by observing larger groups of air 
bubbles at higher aeration rates ("200 ml/min). Because the air pocket 
preceding the jump is stagnant at atmospheric pressure, the aeration occurring 
must be a result of the water flow. The proposed aeration mechanism is 
illustrated in Figure 4.4. All aeration of the jump occurs at 1* . where the water 
enters the jump. After an air bubble is pulled in at !*, it moves into the 
complicated circulating region between I and 2 vhere it will either remain 
circulating or be passed downstream.
If the air bubble remains in the circulating region, it will continue to move 
within this region until it is either deposited to the atmosphere at the jump's 
surface, 3, or passed downstream at 2. A bubble at the jump's surface may return 
to the stagnant air pocket upstream; however, unless it joins with other air 
bubbles to form a large bubble at the top pipe, it usually returns to the 
circulating region of the pipe.
When the air bubble reaches 2 , it will be either recirculated or passed 
downstream. This point appears to be a transition boundary where the
3*
Direction of flow -■+>
f igure  4.3 Ty ical Aerated Hydraulic Jump Showing 
Transition Boundary
Figure 4.4 Aeration Mechanism of the Hydraulic Jump
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circulatory force equals the inertial force. This point is visually apparent as 
bubbles often become stagnant at the top of the pipe. Any bubbles which move 
downstream from this point rise to the top of the pipe rapidly and are carried 
down the pipe
4. Aeration Data
Hydraulic jump aeration rates were determined at pipe inclinations of 0°. 
1°, and 3° from the horizontal. Air entrainm ent results for a horizontal pipe are
shown in Figure 4.3. where P is the air-water ratio and the Froude number is
defined as U]/(gye ) l/2. Since no hydraulic jump can occur at F < 1, p was plotted 
against (F -l). The solid line corresponds to the empirical relation
p»0.0066(F-l)OH (36)
as determined by Kalinske and Robertson (1943) for a 13 24 cm pipe. The dashed 
line corresponds to the data taken in this experiment for a 1.90 cm horizontal 
pipe such that
p.0.0023(F-l)0H  . (37)
The aeration data approached this line for all of the initial water heights studied, 
but equipment limitations prevented aeration measurements at higher Froude 
numbers.
Because the slopes of these two lines are the same, it seems probable that 
the aeration mechanism is the same in both the 1.90 and 13.24 cm pipes as is 
expected. The aeration rate, however, is lower by a factor of 2.9 for the 1.90 cm
Qa
/Q
w
0 .  4 C F - 1 )
Figure 4.5 A ir Entrainment. Rates for a Horizontal Pipe
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pipe. It is possible that the difference in pipe diameters, a factor of eight, may be 
responsible for the deviation of (37) from (36), since 2.9 » / 8. This result is not
obvious, though, since the Froude number is based on the effective diameter, ye,
which is the same for any pipe diameter at a given h/D.
For lower approach velocities, the aeration rate decreased significantly 
more than predicted by (37). This result could not be compared to any of 
Kalinske and Robertson's data since the lower limit of aeration they measured
wasp-0 01
Aeration data were also taken at pipe slopes of 1° and 3° to study the effect 
of gravity on aeration for small pipe inclinations. Figure 4.6 shows data for 
h/D • 0 367 at pipe slopes of 0°, 1°, and 3°. There appears to be no functional 
dependence of pipe slope on aeration at small inclinations. This result is 
expected since Kalinske and Robertson found the aeration rate to be independent 
of gravity for small pipe inclinations. The aeration rate was also found to be 
independent of downstream pressure; therefore, the entrainm ent rate of air into 
water is only a  function of the inlet water flow rate and height (Froude number) 
as predicted by (36) and (37).
Because unaerated hydraulic jumps were found experimentally (see 
Figures 4.1 and 4.2, Appendix A), a critical velocity where aeration begins must
exist. More data were taken in the range, 10*3 < p < 10-2, in order to better 
understand how the curves in Figure 4.3 deviate from (37) and to determine if a 
critical aeration velocity can be predicted. Measurements of low aeration rates 
were quite difficult, and the inaccuracy of these measurements was significant.
The minimum aeration rate measurable was >2 ml/min, or p 3x10*3 Figure 4.7 
shows extended aeration data for h/D • 0 233 and 0.367 at a pipe slope of 3°. The
0. 5 CF-1)
Figure 4 6 Aeration Rates at Varying Pipe Slopes
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Figure 4.7 Extended Aeration Data.
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velocity at which aeration began was visually observed, and these values are 
listed in Table 11.
Table 11. Critical Aeration Velocities
h/D U|(ft/S) _E
0.233 2.9 51
0.367 2.3 32
0.433 2.4 30
0.500 2.4 2.7
Eicept for h/D * 0.233, the critical aeration velocity appears to be 
approximately constant at 2.3-2.4 ft/s; however, the inaccuracy of these 
measurements does not allow any definite conclusions about a critical aeration 
velocity to be made, eicept that one does exist for each h/D.
5. C ritica l F reude I i a b s r
It was shown by equation (8) that there is a minimum Froude number, F, 
required for a hydraulic jump to bridge the pipe.
F2
wlDAj/2 - hpCj A |) cos a  - wLjAjsin a  
A12I1 -A i /A3I
(8)
Critical values of F for a horizontal pipe are given in Table I, but the length Lj 
must be determined for nonhorizonlal pipes. Assuming Lj • D, Figure 4.8 shows 
the minimum Froude number required at different approach heights, h j, for
several pipe inclinations (sin 9). Even though these curves differ significantly
Figure 4 S Minimum Froude Number for Hydraulic Jump Assuming Lj « D
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for large Froude numbers, practical D/hj values range only from -2 to 10;
therefore, changes in pipe slope are not nearly as significant at large h/D 
values as at very low values where energy dissipation is extremely high.
Two methods of visual observation were used to determine L]: dye injection
and jump aeration, Point L] was chosen to be just downstream of the circulating
region transition boundary to allow the (low to develop. At this point the flow 
should approach a uniform condition. Injection of dye into the approaching 
flow proved to be too difficult to use to detect downstream flow because of the 
rapid movement of the dye downstream. Instead, observations of air bubbles 
were made. As previously mentioned, air bubbles will stagnate at the top of a 
pipe at the transition boundary. This point was easily measured for different 
approach velocities and pipe slopes. The distance from the jump to this point was
then defined as Lj for this system.
By using air bubbles to determine Lj, it was found that this length
remained relatively constant for all approach velocities where excessive 
frothing of the jump was not observed. (Excessive frothing by high velocity
jumps is shown in Appendix A]. No changes in Lj were also found in pipe slopes
of O', 1*, and 3* • The value of L] was measured to be -4-3 cm, or about 2-2.3 times
the inside diameter of the pipe. This result is illustrated in Figure 4.9.
A comparison of minimum Froude number requirements for Lj/D • 1,2, and
2.3 is given in Table III. A dashed line for the Froude number indicates 
subcritical flow, F<1, such that a hydraulic jump may not form. For a given h/D. 
it can be seen that larger changes in F occur for differences in pipe slope than
for changes in Lj/D. The differences among L]/D «1, 2. and 2.3 for both the
48
^  Diruction of flow ^
Figure 4.9 Determination of Lj for Hydraulic Jump
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Table III. Minimum Froude Numbers for Hydraulic Jump to Span Pipe Diameter
h/D JBL 4 / il l I L|/D • 2 L|/D -2,3
0.1 O’ 12.171 12.171 12.171
3' 11.344 10.881 10.333
6’ 10.881 9.415 8.588
12' 9.415 5 397
18' 7.673
0.2 O' 3349 5 349 5.349
3' 5.068 4.770 4.614
6’ 4.770 4.111 3737
12' 4.111 2.276
18' 3 322
0.3 O' 3390 3390 3390
3' 3.204 3.007 2.903
6* 3.007 2.567 2.316
12' 2.567 1.298
18* 2.034 —
0.4 O' 2.499 2.499 2.499
3* 2 352 2.195 2.112
6* 2.195 1.841 1.636
12' 1.841 « -
18' 1.401
0.5 0* 2 003 2.003 2.003
3* 1.872 1.730 1658
6* 1.730 1.405 1.211
12' 1.403
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horizontal and 3* pipe are relatively small, regardless of h/D. Therefore, L| - 2D
can be used in other calculations for small pipe slopes without introducing 
significant error Experimental values for minimum Froude numbers at 3 ‘  are
compared to theoretical values for Lj /D - 1 and 2 in Figure 4.10. The
experimental values are close to the minimum Froude numbers predicted 
theoretically; however, it is difficult to take measurements near the critical 
Froude number because any slight instability in the system greatly affects the 
jump. This figure only illustrates that the minimum Froude number found did 
not deviate significantly from what was predicted theoretically.
6. Pressure Measurements
Pressure measurements across the hydraulic jump were taken by a 
differential manometer as illustrated in Figure 3.2. From the equation derived 
earlier, it can be seen that the dynamic pressure increase across the jump is a
function of h/D, a, and L, where L is the length between pressure taps. These 
readings were limited to flows where excessive frothing at the jump did not 
occur. For jumps with excessive frothing, the aeration became so large that it
was difficult to locate L, and the void fraction of air changed the pressure P2
significantly. These two types of jumps are compared in Figure 4.11
The experimental pressure increase found between the pressure taps is 
given by (33). while the theoretical pressure is determined fiom (3) These 
values were determined by the computer program, PRSSURE, which is listed in 
Appendix 5 Figure 4.12 shows the relation between the theoretical and 
experimental pressures for all of the conditions tested in a 3* sloping pipe.
Several trends in the data can be seen from this figure. The theoretical 
pressure change increases rapidly with increasing flow rate for all h/D values
FFigure 4 10 Minimum Froude Number in a 5’ Pipe
(a)
Direction of flow
(b)
Figure 4.11 Hydraulic Jump Comparison
(a) Normal Aerated Jump
(b) Jump with Excessive F ro th ing
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Figure -4.12 Pressure Increase Across Hydraulic Jump in a 3* Pipe
The pressure change for a given flov rate is higher at lover gate heights; 
therefore, the pressure increase is larger at higher velocities as one would 
expect. If the pressure is plotted against the velocity, these curves move nearer 
to each other, but they still remain significantly different.
From Figure 4.12 it can also bo seen that the experimental pressures follow 
the same trend as the theoretical pressures, but are lover than those predicted 
by (5) Pressure changes for specific h/D values tested are shown in Figure 4.13. 
The measured pressure deviated from the theoretical pressure by an increasing 
amount as the flow rate increased; however, this difference did decrease as the 
liquid height increased.
Aeration by the jump is a possible explanation for pressure deviations,
since the air entrained must be at atmospheric pressure. If a function of |1, the 
air-vater ratio, is inserted into (3), the theoretical pressure difference with
aeration can be determined. The p values needed to correct for the observed
difference, hovever, were much too large (p > 1 ), and aeration alone could not 
account for the pressure deviations.
A more probable cause for the pressure difference relates to the uniform 
flow assumption made for the flow at the second pressure tap. Since the pressure 
tap is just downstream from the circulating air region, the flov is somevhat 
stagnated and not yet fully developed. As the water flow rate is increased, the 
undeveloped region extends farther down the pipe and causes an even larger 
deviation. For a given flow rate, the water velocity increases with decreasing 
approaching heights. The Froude number, and therefore the turbulent energy 
loss, decreases as h/D increases such that aeration rates are lover, and the 
velocity remains more uniform. It appears that the pressure deviation is a 
function of aeration and the approach velocity, since both are related to the
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Figure 4.13 Pressure Measurements for h / D . 0.300.0 367, and0.433
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Froude number of the approaching now. At low Froude numbers and aeration 
rates, the nonuniformity of the flow is less than for highly aerated flows with 
large turbulent energy losses; therefore. !he momentum balance better describes 
the flow at these conditions.
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B. Tho Sloping Tail
The tail height of the standing slug was measured by a series of probes at
hj/D  - 0.233. 0.367. and 0.56 for a pipe inclination of 3’ . and at h j/D  - 0.30 for a
pipe inclination of 7 5*. The tail profile found is shown in Figure 4.14. From the 
inviscid assumption, the tail height should be independent of the approaching 
liquid height and should be equal to 0.563 D (given by the dashed line) for all 
gate heights and pipe slopes. This figure indicates that the tail drops off to h/D 
values less than 0.563 D; the experimental tail height approaches 0.40 D for all 
cases studied. Given the inaccuracies of the measurements, the tail profile is 
relatively constant for all gate heights.
Friction losses cannot explain the difference in tail height from (23) 
because the tail height would be greater than 0 563 D if pipe resistance is not 
negligible. All of the individual curves appear to intersect the 0.563 line in the 
first two inches downstream from the stagnation point. As the pipe is sloped, 
gravitational effects become more important in determining downstream flow 
conditions, and the tail height decreases to 0.40 of the pipe diameter. The height. 
h/D - 0.563. occurs in the first two inches downstream from the stagnation point 
because the flow becomes uniform rapidly. It is visually apparent that the tail 
height decreases and the liquid accelerates as the flow moves downstream in a 
nonhorizontal pipe. Effect of the gravity force could not be studied in horizontal 
pipes because a tail never formed for this case. Several photographs illustrating 
the sloping tail for various h/D values are given in Figure 4.15.
Since no information about the shape of the tail is available by the inviscid 
model, only the downstream height and velocity can be predicted. The length to 
this uniform profile and the variation of the tail height downstream were not 
determinable; therefore, it is difficult to make any definite conclusions about the
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Figure 4.14 Tail Height for a Standing Slug
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Figure 4 15 Typical S lop ing Tails Found in Pipe Flow 
( h/I) 0 5, a - y )
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applicability of the inviscid approach in describing the tail. If the flow became 
uniform rapidly and gravitational effects became dominant, h/D = 0.563 may 
describe the tail height near the stagnation point since it does pass through this 
value. More accurate data in the first three inches (L/D from 0 to 4) dovnstream 
of the stagnation point is necessary to bettor understand the sloping tail.
The shape of the tail dovnstream from the initial sloping tail may possibly 
be described by Miya's (1971) analysis on roll vaves. A detailed comparison is 
not given here, but the similarity in shape of the roll wave to the tails found 
experimentally may merit vork using this model to describe the dovnstream tail. 
The shape of the initial sloping tail requires an analysis beyond the scope of this 
project.
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C. T IE  STAWMNG SLOG 
1. Pressure I b in i r t M i t )
The pressure drop across L2 is given by (27). For the change in pressure
from point 3 to point 4 illustrated in Figure 2.7. uniform flow was assumed and 
frictional resistance was neglected. The comparison of the actual pressure drop
across L2 with the theoretical pressure drop is shown in Figure 4.16. These two
lines can be described by the following relations,
AP-51-29(L2 ) ♦ 148.6 (theoretical), (38)
and aP = 53 05 (L2 ) * 403.0 (experimental) (39)
The prossure drop measured for a given Lj was quite close to the pressure drop
predicted by inviscid theory; however, a small deviation in the two relations does 
exist. Besides the inaccuracies associated with the manometer readings.
frictional losses along the pipe walls may not be negligible. For a given I4 , the
actual pressure drop was greater than predicted by (27). This result is expected if 
frictional losses exist.
For all of the standing slugs formed, the water flow rate was approximately 
constant at a Reynolds number of approximately 3400. If a hydraulically smooth
pipe is assumed, the Fanning friction factor is -0.01. The pressure increase due 
to frictional losses, Pp, is given by
2fLub2
Pp * .... (40)
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Figure 4.16 Downstream Pressure Drop Assuming Inviscid Model
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for turbulent flow such that
Pp - 3 2(L2). U l)
If the experimental pressure is larger than the theoretical pressure by this 
amount, the corrected relation for the experimental drop is
nP «53 05 (Lj) * 403.0 (experimental). (42)
From Figure 4.17 it can be seen that the inviscid model including friction more 
correctly describes the pressure drop found experimentally, and the difference 
which still exists is negligible when compared to the uncertainties in pressure 
measurements with the open-end manometer.
2. Slug Length
The slug length was studied for a pipe slope of 3' and a water flow rate of 
1.76 x 10'3 cfs as a function of the pressure increase across it. The theoretical 
slug length is given by (30). From this equation it can be shown that for a 
particular water velocity and pipe slope, the overall slug length is related to the
pressure increase along the slug, P5 - Pj. Using Figure 2.7, it should be noted
that the pressure increases from 1 to 3 while the pressure decreases from 3 to 5. 
The overall pressure must increase since point 1 was at atmospheric pressure.
The point used to measure Lj and L2 was no longer important as long as a
uniform velocity profile existed at a point between the jump and the tail.
The experimental and theoretical slug lengths for a given pressure 
increase across the slug are given in Figure 4.18. It should be noted that the
theoretical slug length changes slightly, -3%, for different h/D values, and the
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Figure 4.17 Downstream Pressure Drop Assuming Invisicid Model with 
Frictional Losses.
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average fee the heights studied is shown. The observed pressure deviates from
the theoretical pressure in a manner similar to that for L2; however, the
magnitude of the deviation is much larger. If frictional losses are applied, only a 
small part of the difference can be accounted for. The eiact nature of these 
differences is difficult to determine for this system, and more sensitive pressure 
measurements along the entire slug are required to better define the 
predictability of slug length in this system.
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Figure 4 IS Standing Slug length
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▼ . RECOMMENDATIONS.
From the work in the 1.903 cm diameter pipe line, two recommendations 
became apparent.
1. Do similar studies with different pipe diameters, preferably at 
least a 10.16 cm diameter pipe, and compare results.
2. Compare results from large diameter pipe (and smaller diameter 
pipe) to fast-moving slugs found at similar flow conditions.
Several other recommendations concerning the study of the stationary 
slug include (mostly for larger pipe diameter):
i. Study the aeration mechanism of the hydraulic jump with h igh­
speed photography which may allow individual air bubbles to be 
looked at. Surface tension and viscosity effects on aeration may 
also play an effect on the aeration, and their role in aeration 
should be determined.
4. More accurate pressure measurements across the slug are 
needed. A series of pressure taps should be placed along the 
slug in order to obtain a pressure profile of the slug.
3. A better method of measuring the tail height needs to be devel­
oped. A method using parallel wire conductance probes may 
allow easier and more accurate measurements of the tail height.
6. Multiple hydraulic jumps can be produced in the pipeline since 
the Froude number of the receding stream (tail) is supercritical. 
Kalinske and Robertson found multiple jumps for certain 
conditions, and the similarity to multiple slugs in a pipe should 
be investigated.
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NOMENCLATURE
A,A|,A2.Ax A<,A5 Cross sectional area of water flow
A Area ratio, Aj/A>
d,dj,d2
D
F
F|
g
h
h * h5
^pc
L
L]
L2
NFr
P1'P2 P3‘P4'P5
^head
pr man
Q.Qw
Oa
Height of flow in channel 
Pipe Diameter
Froude number based on effective height, 
defined as u/(gye)1/2
Froude number based on pipe diameter.
defined as u/(gD)*^
Acceleration of gravity 
Height of approaching water flow 
Height of flow in channel
Height of the pressure center in pipe
Pressure center ratio, h „c/D
Distance between pressure taps
Length of region from jump to uniform 
flow downstream
Length from uniform flow region to the 
tail of the slug
Square of Froude number, F2
Dynamic pressures at points along the slug
Static pressure at a point on slug
Overall pressure at a point determined 
from differential manometer
Volumetric flow rate of water
Volumetric flow rate of air
R Pipe radius
R_ID Manometer reading, difference in height 
between oil and water
SL Length of the standing slug
So Channel slope (sin 0)
u l ,u2,u3'u4'u5 Water velocity in pipe
V.V,.V2 Water velocity in channel
W Width of flow at free surface
w Weight of water in an enclosed section 
of the slug
ye The effective height of flow in a pipe, 
defined as A/w
Greek Symbol?
a Angle of inclination of the pipe
p Aeration rate of the hydraulic jump, 
defined as Qa/0W
P1.P2 Boussinesa coefficient
e Angle from the vertical made by extending 
a line from the pressure center to the 
liquid surface at the pipe wall.
P-Pw Density of water
Poil Density of manometer oil
(0 Unit weight of water for channel
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APPENDIX A. AERATION PHOTOGRAPHS 
( a - O ’ . h /D -0  367)
Qw « 0.003 cfs
f  :  S .00
1
Oscillating Jump 
Direction of flow
Qw - 0.0046 cfs 
B * 0.00058 
F = 6.06
S te a d y  J u m p
73
Steady Jump 
Direction of flow
S te a d y  J u m p
7i
Steady Jump 
Direction of flow
S te a d y  J u m p
75
Strong Jump 
Direction of flow
0.0073 cfs 
0 0439 
972
0 0091 cfs 
0.0743 
12 1
Strong Jump
76
APPENDIX B. AERATION DATA
Table B.l Aeration Data for h/D • 0,1 'i in Horizontal Pipe
H jin zs i - j — BIlW*!
1.93 6.09 12.92 1.3
2.11 6.67 U N 2.8
2.52 7.94 16 85 10.9
2.71 8.56 18 14 217
310 9.77 20.72 45 6
Table B.2 A eration Data fo r  h / D -  0.233
a*0*
1.80 
3.12 
3 19 
339 
389 
4.32 
4.96 
315 
552 
6.11 
6.86
7.65
8.66
a  = r
3 00 
362 
383 
4.44 
518 
574 
6.27
7.41 
7.60
a» 3*
1.52
1.80
2.09
2.20
2.42 
2.70 
3.06 
312
_ t _
332 577
5 75 10.01
587 10.22
6 24 10.86
7.17 12.47
7.96 1385
9.14 1589
9.48 1650
10.16 17.67
11.24 19.56
12.63 21.98
14.09 24.52
1584 2756
552 9.61
6.67 11.60
7.05 12.27
8.18 14.23
9.54 16 60
10.57 18.39
11.55 20.09
11.80 20.54
14.00 24.35
2.80 4.86
332 5.78
3.84 6.68
4.05 7.04
4.46 7.76
4.97 8.64
563 9.80
575 10.00
t i l l f i1!
o.o
4 4
8.7
11.3
251
29.7
50.5
59.5
84.0 
1005
121.4 
148.8
163.0
10.2
21.1
34.1
42.4
67.5 
1031
119.2 
1565
171.2
0.0
0.16
0.39
0.47
0.75
1.53
7.70
9.70
Table B.3 A eration  Date fo r h /D  • 0.367
tt = 0‘
(L. (ilO^ft^/s)JBLm U |(ft/3)
2.76 2.70 3 66 0.0
301 2.95 4.00 0.0
342 334 454 31
4.57 4.47 6.07 7.8
4.90 4.80 6.51 106
5 08 4.97 6.74 139
533 521 7.07 16.6
6.10 5 98 8.10 244
7.32 7.17 9 72 354
9.10 8.91 12.08 56 7
2.76 2.70 3.66 0.0
3.01 2.95 4.00 0.0
4.39 4.30 582 13
4.83 4.73 6.41 4.8
4.90 4.80 6.51 50
508 4.97 6.74 7.9
515 5.05 6.84 14.8
533 5 22 7.07 12.8
5.60 549 7.44 17.4
6.05 5.93 8.03 22.2
6.10 5.98 8.10 20.1
6.41 6.27 8.51 28.0
6.46 6.33 8.58 28.3
7.02 6.88 9.32 52.8
7.32 7.17 9.72 439
7.90 7.74 10.49 62.3
8.14 7.97 10.81 68.3
8.22 8.05 10.91 58.1
8.84 8.66 11.74 74.9
9,10 8.92 12.08 74.3
10.25 10.04 1361 86.1
Table B.3 (c o a t.)  A eration  Data fo r  h /D  • 0 367
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a*3*
U.]^  (ft/?)
2.42 2.43 3 ■<.>•> 0.0
2.98 2.91 396 0.05
334 3.26 4 44 0.26
3.70 3.61 4.90 0.48
4.14 4.04 5 50 1.56
430 4.20 5.70 3.70
80
Table B 4  A eration  D»U fo r  b /D  * 0.433
a*!*
(L -tilO ^fti/s)jL Ui (ft/s) 1 Q(ilO^)
567 4.45 548 6.0
6.36 500 6.14 139
7.13 560 6.89 18.8
7.45 585 720 253
7.70 6.05 7.44 21.4
9.06 7.12 8.75 52.7
10.63 8.35 10.27 569
10.77
►
8.46 10.41 70.1
3.10 2.43 2.99 0.0
4.35 3.42 4.20 020
4.54 3.57 4.39 0.71
4.80 3.77 4.64 1.10
4.92 3.87 4.76 2.75
545 4 28 526 573
SI
Table B.3 A eration Data fo r  h /D  -0 .30
0, .  (ilO^ftV s)3L u j l f tM p(llO^)
6.08 396 4.46 2.9
6.33 4.13 4.64 2.9
7.02 458 513 5.7
8.14 531 5.92 44.2
9.39 6 12 6.89 27.6
10.25
►
6.68 752 292
3.68 2.40 2.70 0.0
4.60 300 337 0.09
503 329 3.71 0.29
532 3.47 3.90 0.64
551 339 4.04 1.18
5.73 3.73 4.20 2.41
NQ .2
ppw,,.
< □  G I L M O N T  Flowmeter Catalog No. F1200
■  INSTRUM ENTS, INC. ^  ^  l g
^  Calibration Chart
D, =  0.125* W, =  0 0424 GM p , — 2.53 GM/ML STD*
APPENDIX C 
CALIBRATION CURVES
i a  GILMONT
■  INSTRUMENTS, INC.
STD*
AIR ML/MIN
Flowmeter Catalog No. F1100
Serial Na J L 1223J I_____
Calibration Chart
D. =  .0625" W, =  .00530 GM p, — 2.53 GM'ML 
• M EASU RED  AND  FLOW ING AT 1 ATM. AND  70* F.
STD*
WATER
ML/MIN
10 20 SO 40 50 60 70 80 90 100
SCALE READING AT CENTER OF BALL
S E E N C X 1
( «  GILMONT
■  INSTRUMENTS, INC. Flowmeter Catalog No. F1100
Calibration Chart
Serial Mo. A - 7 0 * 1 2 -
STD*
AIR ML/MIN
D. =  .0625* W, =  .00530 G M  p ,  =  2.53 G M /M L  
* M EASU RED  AND FLOW ING AT 1 ATM. AND 70* F.
STD*
WATER
ML/MIN
SCALE READING AT CENTER OF BALL
N O . 5
<g GILMONT
■  INSTRUMENTS, INC.
C a lib ra tio n  C h art
Flowmeter Catalog No. F1500
SerialNol £ -  7 S t,S
STD*
AIR ML/MIN
O. =  0.500* W, =  2.715 G M  p . = 2 53 G M / M L
* M EA SU RED  AN D  FLO W ING  AT 1 ATM. AND 70* F R
STD*
WATER
ML/MIN
=- 1100
140C
=“ 120
S C O
600
2CC
100
o©
SCALE READING AT CENTER OF BALL

For Sizes No. 5 & 15
« ' GILMONT'INSTRUMENTS. INC.
Flow in Li/Min and
Conversion Scales of Flow
from Glass Ball to S.S. Ball with 
Corresponding Pressure Drop
Pressure Drop a P in Torr
M e asu red  en d  F lo w in g  a t 1 A T M  a n d  7 0 *F
o
o
o
o
o
 
a
n
a
ss
APPENDIX D. COMPUTER PROGRAM, PRSSURE
PROGRAM PRSSURE(INPUT,0UTPUT,TAPE22,PRS0UT=TAPE22)
C
C THE PURPOSE OF THIS PROGRAM IS TO DETERMINE THE 
C PRESSURE BETWEEN THE GATE ANO THE POINT OF CIRC- 
C UL AT ION OF THE JUMP P1-P2. THIS PRESSURE IS 
C DETERMINED ON THE BASIS OF THE MOMENTUM EQUATION 
C ANO WILL BE COMPARED TO THAT DETERMINED EXPERIMENTALLY 
C FOR THIS SYSTEM.
C
REAL RHO,D,R,A1,A2,A12,G,PI,Q,HD,L,ALPHA,U1,U2,BETA,
+ DP1,0P2,RALPHA,QM,DP,HPC,RINT,RMAN,RT0T,DPE,DPE2,
«• Lt ,L2,DPREV 
INTEGER CHOICE
PRINT*/ ENTER INITIAL MANOMETER D IFFERENCE(CM) 1 
READ(*,*) RINT 
5 PRINT*!* *
PRINT*/INPUT Q(FT3/SCX1000), K/O, RMAN, L(CM)/,
♦ ' ANG(DEG)*
C THE WATER FLOW RATE (XIOOO FT3/SEC), H/D, THE
C LENGTH OF THE JUMP, AND THE ANGLE OF INCLINATION
C OF THE PIPE ARE ENTERED FOR USE IN CALCULATION OF 
0 THE PRESSURE DIFFERENCE.
C
READ(*,*) Q,HD,RMAN,L,ALPHA 
RTOT = RMAN + RINT 
QM = Q*28.3168 
RHO a 1.0 
D b 1.905 
R b D/2.
PI * 3.H415927 
A2 « PI*D*D/U.
U2 « QM/A2 
G = 980.
L1 « 5.
RALPHA » ALPHA*P*/18U.
BETA b ACOS((2*HD-1))
A1 = <PI-BETA+0.5*(SIN(2*BETA)))*R*R
A1 IS THE AREA OF THE APPROACHING FLOW
U1 « QM/A1 
A12 b A1/A2
HPC * R*COS(BETA)+(2./3.)*<R**3)*(SIN<BETA)**3)/A1 
DP1 b (<U1**2)*(A12**2-A12)-(G*HPC*A1?*C0S(RALPHA))) 
DP2 = (G*R*COS(RALPHA) - C*L*SIN(RALPHA))
DP b RH0*(DPU0P2)
DPEb 1866.9*(<0.0913U*RMAN)+HD-0.63H4)
DPE2=1866.9*< (0.0913«4*RTOT) +HD-0. 631U)
DPEI N= 0PE*U.01*48E-0l4 
DPE21 N= DPE2*l4.0H48E-0*4
DPREV«( (U1**2)-(U2**2))/2.+0*0*(HD-1)+G*L1* TAN(RALPHA)
DP IS THE CHANGE IN PRESSURE, P1-P2, THEREFORE IT 
SHOULD TAKE ON A NEGATIVE VALUE SINCE THE PRESSURE 
IS GREATER AT 2 THAN AT 1.
WRITE(22,50)
WRITE(22,100) D,HD,A1,A12,QM,U1,U2,HPC,HPC/D 
WRITE(22,250)
o
o
o
o
o
o
o
$9
WRITE(22,300) QM,RINT,RMAN,RTOT,OP,DPE.UP£2. 
+ DPEIN,DPE2IN,OPREV
0PE2IN IS OPE2 IN INCHES OF H20
♦ 'OP(RTOt)' »5N,*OPH(IN)' ,5X,
188 F ra « :? S o !« ;s{ !s lf» .* :3 ii .3 < F io .3 .2 X ) .
% R ? N T * / d m R Fo°FOR another oata s e t*
REt?(CHOICr°EQE 0) THEN 
GOTO 5 
END IF 
END
